We studied the effects of two types of ultrasonic waves, shear waves and longitudinal waves, using two nonlinear optical techniques, second-harmonic generation and hyper-Rayleigh scattering. Since shear waves hardly propagate in liquids, their influence on molecules at the interface between a surface and a liquid was studied using second-harmonic generation. Longitudinal waves propagate easily in solution, thus we used hyper-Rayleigh scattering to probe the ultrasonic effects on chromophores in solution. While we did not find shear waves to alter the second-harmonic generation from chromophores at the liquid/surface interface, the longitudinal waves caused effects comparable to our earlier observations. Longitudinal ultrasound caused a strong intensity modulation of the nonlinear optical signal according to a wave-pattern.
INTRODUCTION
Ultrasound irradiation has been fruitfully used in a variety of applications spanning medical imaging to synthetic chemistry. [1] [2] [3] [4] [5] [6] In the field of medical imaging, modulation of fluorescence and enhancement of chemiluminescence by focused ultrasound is currently under study. [7] [8] [9] The goal is to overcome the detrimental effects of light scattering in biological tissue thereby enabling imaging deeper in the tissue. [10] [11] [12] Another method to enable imaging deeper in tissue is using nonlinear optical processes (such as multi-photon fluorescence (MPF) and second-harmonic generation (SHG)) instead of linear optical processes (such as fluorescence). [13] [14] [15] These nonlinear optical techniques take advantage of the so-called biological window in the near-infrared spectrum. 13 Using particular near-infrared wavelengths causes reduced photobleaching and photodamage in biological tissue compared with imaging techniques relying on linear optical processes such as fluorescence. 13 We have recently shown that ultrasound in the MHz-regime also causes fast and substantial signal intensity changes of hyper-Rayleigh scattering (HRS). 16 HRS is a second-order nonlinear optical technique in solution, it probes the first hyperpolarizability which is the ability of a molecule, often a chromophore, to nonlinearly scatter light. 17 We now direct our attention to ultrasonic shear waves on SHG from the interface between a surface and a liquid phase. An even-order nonlinear optical technique such as SHG is of great use in studying surfaces since SHG only arises if the local centrosymmetry is broken. 18 This occurs readily on surfaces which makes SHG highly sensitive to changes in this environment. Moreover, generating and detecting specific polarizations of second-harmonic light using laser light with a known polarization can be used to probe the orientation of adsorbed molecules. [19] [20] [21] Hence this technique could be of great use to probe chemical reactions at surfaces. 22 In case the first hyperpolarizability of the adsorbed molecule has one dominant contributing tensor element, such as βzzz in the case of the studied chromophores 21, 23 , this orientation angle can be determined from the SHG caused by two perpendicular polarizations of laser light. 20 The orientation of molecules has a great influence in chemical reactions. [24] [25] [26] Next to the temperature and activation energy the reacting molecules in a chemical reaction also need to be properly aligned in order to form the product. Hence manipulating the orientation of adsorbed molecules could be of great interest in heterogeneous catalysis. 25 In the chemical industry surfaces are often used to contain chemical catalysts or reactive groups such as acids. 27 Chemical reactors using those heterogeneous catalysts are usually controlled by manipulating the temperature, flow rate, concentration and pressure of the used gasses, liquids or mixtures. 24 If one could reorient adsorbed molecules on demand, one could have a new approach to manipulate the reaction kinetics. How could these adsorbed molecules be reoriented near surfaces? Ultrasound irradiation could be an option since it has been used before to induce double refraction or birefringence in liquids of non-spherical molecules (or solutions of non-spherical particles). [28] [29] [30] [31] Depending on the relaxation time of the molecules (or particles) different processes cause the ultrasonically induced birefringence. In case the particles under study are sufficiently small, the birefringence is caused by ultrasonically induced velocity gradients which exert a turning torque on the non-spherical molecules. 32 Currently this ultrasonically induced birefringence, and thus molecular reorientation, has only been studied in liquids using bulk longitudinal ultrasonic waves. 28, [33] [34] [35] [36] [37] [38] [39] [40] In this work we attempted to apply bulk shear waves at ultrasonic frequencies. Compared to longitudinal waves, that propagate through solids as well as through liquids, shear waves propagate through solids but hardly through liquids. 41, 42 Because of this behavior we hypothesize that in liquids, in the direct vicinity of a substrate, these shear waves cause extremely strong velocity gradients. These velocity gradients would then in turn cause ultrasonically induced birefringence and thus reorientation of adsorbed non-spherical molecules. A lot of chromophores previously found in the literature regarding second-order nonlinear optics are in fact non-spherical, and could thus be sensitive to the ultrasonically induced velocity gradients. 21, [43] [44] [45] We have examined the effects of shear waves at ultrasonic frequencies using two experimental situations. The first is the adsorption of a cationic chromophore on a substrate. The used chromophore has previously been used for in-situ observation of molecular adsorption by SHG. 21 The second experimental approach entails a chromophore covalently bound to the surface. 22, 46 In accordance with our recent work we have also included two other examples of the ultrasound induced effect on HRS in the liquid phase.
EXPERIMENTAL SECTION a. Cleaning of the glass substrates
As substrates, round slides made from common window glass and FGL455 colored filter glass slides (Thorlabs) were used. Both types of substrates were 25 mm in diameter, the substrates made from window glass were 1 mm thick while the colored glass filters were 2 mm thick. These colored glass optical filters were chosen in order to block possible second-harmonic light generated from the transducer to reach the detector. They do permit UV-Vis spectroscopy (in the vicinity of the wavelength of maximal absorbance of the chromophore) to detect the functionalization with the used chromophore, a dye resembling Disperse Red 1 with an added methyl group, azo-bond instead of the carbon-carbon double bond and the hydroxyl group replaced by an amine (see figure 1 ). Before silanization, the slides were cleaned by immersion in a Nochromix® cleaning solution for 3 h. The cleaning solution consisted of 7 g of Nochromix® powder with 100 mL distilled water and 100 mL sulfuric acid (Sigma Aldrich, ACS reagent grade, 95-97%). Afterwards the slides were cleaned with copious amounts of distilled water until the water waist had a neutral pH. Finally the slides were rinsed with methanol and dried for 30 minutes in an oven at 110 °C. To further clean the slides and render them hydrophilic they were then moved into an UV-ozone reactor for 1h.
b. Synthesis of chromophore modified slides using carbodiimide chemistry
Chromophore-modified substrates were made by the combination of click-chemistry and carbodiimide chemistry. The used chromophore and the resulting modified silane are shown in figure 1 . Firstly, the substrates were silanized using a 1 V% solution of a carboxylic acid-terminated silane in toluene at room temperature for 1h. The carboxyl-terminated silane was synthesized using the method and reactor of Bloemen et al. [47] [48] [49] We adopted this method using 5 mol% 2,2-dimethoxy-2-phenylacetophenone (Sigma Aldrich, 99%) as an initiator and equal molar amounts of 3-mercaptopropyltrimehtoxysilane (Sigma-Aldrich, 95%) and 10-undecenoic acid (Sigma-Aldrich, 96%) as reagents. Before adding the slides to the silanisation mixture, 4 drops of acetic acid (VWR, AnalaR NORMAPUR, 100%) were added to act as a catalyst. After the silanization step, the slides were washed by shaking 15 minutes in toluene (VWR, AnalaR NORMAPUR, 99.5%), 15 minutes in a 1:1 v/v toluene/methanol solution and finally 15 minutes in methanol. Then the slides dried in an oven for 1h at 110°C. After drying the slides were put in an aqueous solution containing 10 mM 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) (Thermo Fisher Scientific, 98%) and 40 mM N-hydroxysuccinimide (NHS) (Alfa Aesar, 98%) for 45 minutes. Then they were left to react overnight with a 0.3 mM solution of DR-NH 2 in THF (Sigma-Aldrich, BHT inhibited, 99.9%). Following the coupling of the chromophore the slides were washed with THF, MeOH and water for 15 minutes and dried in an oven for 15 minutes. The chromophoremodified substrate from window glass will be referred to as EN1 while the substrate consisting of the modified colored
S filter glass will be referred to as EN2. The absorbance of the chromophore-modified substrates was measured using a Perkin Elmer lambda 900 UV-Vis spectrometer. For each type of chromophore-modified substrate, the absorbance was corrected for the absorbance of the unmodified substrate. 
c. Synthesis of slides Q using a topotactic quaternization protocol
This modification of the substrates was heavily based on the chromophoric self-assembly method by Ratner et al and Kakkar et al 46, 50 and the subsequently developed topotactic quaternization method previously published by Lin et al. 51, 52 The substrates were silanized using a 1V% solution of chloromethylphenyl triethoxy silane (ABCR, mixed m and p isomers) in toluene at room temperature for 1h. Before adding the slides to the silanisation mixture, 4 drops of acetic acid were added to act as a catalyst. After the silanization step, the slides were washed by shaking 15 minutes in toluene, 15 minutes in a 1:1 v/v toluene/methanol mixture and finally 15 minutes in methanol. Then the slides dried in an oven for 1h at 110°C. Then the slides were put in the center of a watch glass, a few drops of a 25mM precursor solution in 2-propanol (VWR, AnalaR NORMAPUR) were added on the center of the substrates. Then they were put in a vacuum oven for at least 3h at 120°C at a reduced pressure. The used chromophore precursor is 4-[4-(dimethylamino)styryl]pyridine (Sigma-Aldrich, 95%). The presence of the synthesis product, a cationic chromophore, can be readily checked by UV-Vis spectroscopy by the disappearance of the precursor absorbance peak and rise of a new absorbance peak at a higher wavelength. 50 After the chromophore coupling, the substrates were washed with 2-propanol and twice with MeOH for 15 minutes. The sample Q1 used for the SHG-experiments consisted of a chromophoremodified colored filter glass. The absorbance of the chromophore-modified substrates was measured using a Perkin Elmer lambda 900 UV-Vis spectrometer. For each type of chromophore-modified substrate, the absorbance was corrected for the absorbance of the unmodified substrate.
d. Second-harmonic generation: adsorption experiments
The used substrates were FGL455 colored glass filters from Thorlabs. After the cleaning step they were mounted in a homemade measurement cell. Adsorption experiments were conducted using 20 µM solutions of trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide (Sigma-Aldrich, 98%) in 2-propanol and 1-hexanol (Sigma-Aldrich, 98%). In the remainder of this text we will refer to trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide as DAMPI. An ultrasonic transducer, a ceramic shear plate (70-5015, American Piezo, 850 material, Navy II, 1MHz) or an shear transducer (Olympus, V155-SM UT, 5MHz) is firmly clamped to the mounted substrate by the construction of the measurement cell. To ensure a good coupling between the transducer and the substrate, a thin layer of shear gel (Olympus, SWC, normal incidence shear gel) was added to the substrate before clamping the transducer. A Tektronix 2101 function generator excited the transducers at various frequencies at a voltage amplitude of 10 Vpp.
e. Second-harmonic generation: functionalized substrates
The chromophore-modified substrates are mounted in a homebuilt measurement cell. An ultrasonic transducer, a 1 MHz ceramic shear plate or a 5 MHz shear transducer is firmly clamped to the mounted substrate by the construction of the measurement cell. To ensure a good coupling between the transducer and the substrate, a thin layer of shear gel was added to the substrate before clamping the transducer. A Tektronix 2101 function generator excited the transducers at various frequencies at a voltage amplitude of 10 Vpp.
f. Second-harmonic generation setup
The second-harmonic signal was generated by a femtosecond laser operating at 800 nm. The average output power of the laser is 2.3 W but was lowered significantly (average power 200 mW) to prevent laser-induced damage to the samples under study. The setup is shown in figure 2 . The femtosecond laser (a) is driven by a solid state laser (b, Spectra Physics, Millennia Pro) operating at 11.5 W. The second-harmonic light was detected in a reflection geometry with the angle between the laser and sample normal (c) fixed at 45 degrees. A combination of a half wave plate (d) and a Glan-Laser calcite polarizer (e, Thorlabs GL10-B) is used to control the average power intensity of the fundamental laser beam. The polarizer is polarized parallel to the optical table, thus operates in P-polarization. Another half wave plate (f) is mounted in a computer controlled rotation stage in order to change the polarization of the fundamental laser light prior to being focused on the sample. The fundamental laser light is chopped by a mechanical chopper (g) operating at 770 Hz. This frequency is also directed into the reference input of a lock-in amplifier (h, Stanford Research SR830). In the beam path before the laser reaches the sample, a filter is inserted to remove second-harmonic light originating from the used optics or laser cavity (i). A manual diaphragm (j) is used to select the reflections from the sample in the measurement cell (k). Both the second-harmonic light and the fundamental laser light reflected from the sample are collimated using a planoconvex lens (l). A 1 mm thick BG39 filter (m) removes the fundamental laser light from the second-harmonic light. The second-harmonic light then passes through a second Glan-Laser calcite polarizer (n, Thorlabs GL10-A) aligned according to P-polarization. Then a lens (o) focuses the second-harmonic light on a photomultiplier tube (p, Hamamatsu, 9800) which is adapted with an interference filter (q) to select the proper wavelength.
The output power of the laser gradually declined over time. We have corrected for this inconvenience by insertion of a reference branch as is shown in figure 2 . This branch measures SHG from a piece of Y-quartz (r) that is irradiated with 5 mW of the fundamental 800 nm laser light. The detector used in this reference branch (s) is the same type as the measurement branch. In both the reference and measurement line a BG39 filter and an band-pass filter with its transmitting wavelength interval centered around 400 nm were used to discriminate the second-harmonic light from the laser light. 
g. Hyper-Rayleigh scattering setup
The used hyper-Rayleigh setup was a traditional setup using lock-in detection with a rotating chopper. 53 We know from our previous work which was recently submitted elsewhere, 16 that both HRS and MPF behave similarly under ultrasound irradiation. Therefore we did not attempt to discriminate between HRS and MPF using the high frequency demodulation technique. The sample used was a solution of DAMPI in chloroform. Just as is the case with Disperse Red 1, which was used in our previous publication, DAMPI is a rodlike chromophore with a first hyperpolarizability dominated by the βzzz tensor element along the Z-axis, the molecular axis. We have used one transducer-modified cuvette, the same as in our previous publication. This cuvette is a standard Hëllma optical glass cuvette with an optical path length of 2 mm. The transducer, a piezoceramic element (American Piezo, 850 material, Navy II) with a thickness of 2 mm was attached to this cuvette using conducting glue (Holland Shielding Systems).
RESULTS AND DISCUSSION a. Synthesis and characterization of covalently attached chromophores
After being dried, the absorbance of the chromophore-modified substrates was determined. From figure 3, it is clear that both the common window glass as the FGL455 filter show a comparable absorbance.The chromophore has an intense absorbance peak centered around 500 nm. The Q1 sample only showed a weak absorbance peak. The unstable behavior of the absorbance at wavelengths lower than 470 nm arise from a mismatch between the colored glass filter used to take the baseline and the chromophore-modified colored glass filter. After several days after its sythesis the second-harmonic signal from the Q1 sample dissapeared while the second-harmonic signal from EN1 and EN2 sample remained nearly unchanged. Also the method using the NHS/EDC-protocol proved to yield more consistent results compared to the topotactic method. Wavelength (nm) Figure 3 : Absorbance spectra of chromophore-modified substrates. A common window glass substrate with disperse dye DR (black) and the chromophore-modified colored filter glass(red) showed a much higher absorbance than the substrate modified using a topotactic quaternization reaction resulting in a cationic chromophore (green).
b. Acoustic effects on Second-Harmonic Generation from adsorbed chromophores
Cleaned substrates were installed in a homemade measurement cell. Then the chromophore solution is added using a syringe. Homemade software was used to change the applied ultrasonic frequency while for each frequency the half wave plate was rotated to P-and S-polarization. For each combination of applied ultrasonic frequency and polarization angle the P-polarized second-harmonic signal from the sample was obtained. These signals were corrected for changes in laser intensity (and time dependent changes in pulse width) by taking the ratio with the intensity of a reference sample. Then the depolarization ratio, the ratio of the SHG intensity generated by P-polarized laser light with the SHG generated by the S-polarized laser light, can be used to determine the orientation angle of adsorbed molecules. 54 The ultrasonic frequency was varied in a wide range around the resonance frequencies of the Olympus transducer at 4,9 MHz and 7 MHz. These data are plotted in figure 4 . It is clear that for the studied frequency range, and for solutions in two solvents with a different viscosity, no ultrasound-induced effects are present on the SHG signal from adsorbed DAMPI. We want to make clear that, while the SHG intensity by the S-polarized laser light was clearly measurable while the SHG from the P-polarized signal was much lower in intensity. Therefore we chose to measure the possible ultrasonic effects of the 1 MHZ shear plate on the SHG using a fixed polarization of the fundamental laser light. The laser light was polarized at 22.5°, an angle centered between S-and P-polarization. This approach probes simultaneously changes in P-polarized SHG by P-or S-polarized incident laser light. The applied ultrasonic frequency was again varied in a wide range around the resonance frequency of the transducer. The results are plotted in figure 5 . No effect of the applied ultrasonic frequencies was observed on the SHG signal. This implies again no molecular reorientation occurs upon excitation of ultrasonic shear waves. We have seen a time-dependency of the SHG-signal which we attribute to laser-induced desorption or an irreversible photobleaching effect. The second-harmonic intensity of DAMPI adsorped on the surface from a solution in 1-hexanol upon application of shear waves. The shear waves were excited by a clamped shear plate with a resonance frequency around 1 MHz. The detected second-harmonic light is polarized according to the P-polarization while the laser beam is polarized at an angle of 22.5° which is the angle centered between S-and P-polarization. c. Acoustic effects on Second-harmonic Generation from chromophore-modified substrates Figure 6 . P-polarized SHG from a cationic chromophore covalently coupled to the surface. For two polarizations, P-and Spolarization, of the incoming laser light the applied shear frequency was changed from 900 kHz to 1080 kHz in 1 kHz steps.
Since the adsorption experiments did not show any frequency-dependent effects in the orientation angle of the adsorbed molecules or their SHG intensity, we chose to use chemically-modified substrates instead. These chemically-modified substrates were synthesized using two methods that were already used in literature. The first one is a simple quaternization reaction between a chromophore precursor with a surface-bound halogen-functionalized silane. 46, [55] [56] [57] [58] [59] The second method is a coupling reaction between an amine and a carboxylic acid using carbodiimide chemistry. In this method the silane contains an 11 carbon long spacer, hence the chromophore is supposedly much more mobile then the one coupled using the first method. We chose to use the 1 MHZ shear plate to excite the shear waves. Firstly we determined the P-polarized SHG from the Q1 sample by S-and P-polarized laser light while applying shear waves at different ultrasonic frequencies. The solvent was 1-hexanol. The shear frequency was increased from 950 kHz to 1080 kHz in 1 kHz steps. The results are plotted in figure 6 . Clearly just as was the case with physically adsorbed DAMPI the SHG from S-polarized laser light overwhelmed the SHG from P-polarized laser light. During the frequency scan, along the x-axis (which can thus also be interpreted as a time axis), the SHG from both laser polarizations declined over time. This translates to a decline in the depolarization ratio, inferring an orientation change, but this is probably a bleaching effect. We then probed the P-polarized SHG from the EN sample (see figure 7) . The solvent was again 1-hexanol. Because the intensity of the SHG from P-polarized laser light was hardly visible from the background we chose to focus our attention to the SHG from S-polarized laser light. This however only probes SHG-contributions from tensor components oriented flat on the surface. In case the shear waves lower the alignment angle a peak in the SHG would arise at a particular frequency. In figure 7 we see that the SHG signals from S-polarized laser light with and without shear waves are hardly discernible from each other. Again the SHG intensity declines during the first part of the measurement which is attributed to an irreversible bleaching effect. We also plotted the percentage change of the SHG signal upon shear wave irradiation. These changes are largely confined between signal increases and decreases of 10% and show no clear dependency on the applied ultrasonic frequency. We then followed the approach we previously used with the quaternized sample Q1. The polarization angle of the laser light was fixed at 22.5° in order to simultaneously probe the SHG intensity from S-and P-polarized laser light. As can be seen in figure 7 , the SHG intensity does not change upon shear wave irradiation.
d. Results acoustic effects on hyper-Rayleigh scattering
In our previous paper we studied the effects of density waves at ultrasonic frequencies on two nonlinear optical processes that occur in solution, hyper-Rayleigh scattering (HRS) and multiphoton fluorescence (MPF). 16 In order to make the distinction between both nonlinear optical effects we used an experimental setup using a spectrograph and electron multiplying CCD camera. 16 Because in the past a lot of work regarding HRS was conducted using techniques relying on lock-in amplification we now repeated these experiments in a classical HRS setup using another chromophore, DAMPI. 60, 61 We used the setup with frequency demodulation at 80 MHz. 62, 63 The used solvent is chloroform to retain the resonance frequency of the measurement cell at 990 kHz. We did not attempt to differ between MPF and HRS. Since we attributed the ultrasonic effects to originate from the ultrasonically induced density gradients we expect the same behavior to occur using a different chromophore and setup. Firstly we studied the voltage dependency of the ultrasoundmodulated nonlinear optical response. The result is shown in figure 8a. In accordance with our previous results, a linear relationship is observed between the nonlinear optical signal increase and the voltage amplitude applied on the transducer. 16 We have also probed the ultrasonic effects on the nonlinear optical intensity at different positions in the measurement cell. Over a distance of 1.1 mm we took a series of measurements in 5 µm steps. This is shown in figure  8b . As expected the ultrasound induced intensity increased according to the a standing wave pattern. 16 The ultrasound was applied according to a sinusoidal pattern hence the NLO signal varies accordingly to the absolute value of the applied waveform. This infers that the conclusions from our previous publication can be applied to other anisotropically shaped chromophores with a dominating axial hyperpolarizability βzzz. 
CONCLUSION
We have studied the effects of shear waves at ultrasonic frequencies on non-spherical chromophores near substrates and confirmed the previously found effects of longitudinal ultrasound on the nonlinear optical properties of non-spherical chromophores in solution. 16 We have used two different ultrasonic transducers operating at two frequency regions to excite the shear waves and a large ultrasonic frequency range was scanned. Both for adsorbed and covalently attached chromophores no change in SHG-signal was observed with ultrasonic shear wave irradiation. Following adsorption or immersion in a solvent of a chromophore-modified substrate, the dominant contribution to the second-harmonic signal indicated the chromophores to reside in both cases flat to the surface. In contrast to the absence of ultrasonically-induced effects on the nonlinear optical properties of chromophores near surfaces, an ultrasonically-induced effect on the hyperRayleigh scattering of two chromophores in solution was shown. We have recently found this effect to occur with a Disperse Red 1 solution in chloroform and have confirmed its presence with another non-spherical chromophore, trans-4-[4-(dimethylamino)styryl]-1-methylpyridinium iodide using a different experimental setup.
